Abstract. This paper reports on the striking correlation between nanosize mosaic domain walls in YBCO films and 1D rows of parallel Josephson junctions, determining the Jc vs. B curves. From X-ray data analysis, it results that the average "hidden" domain wall, faceted at a nanometric scale, is almost mimicking the Josephson Junction (JJ) 1D array. The assumption that the JJs and the domain-wall arrays are coincident, enables to find out the particular scaling field, making the Jc vs. B curves independent of temperature. This scaling field can be interpreted in terms of the Josephson nature of the transport current across these particular patterns in the intermediate temperature range. By means of our model it is also possible to calculate two asymptotic behaviors of the pinning force as a function of field, for low and high fields, respectively. These behaviors are punctually repeated by the experimental results in the same asymptotic limit, so that two corresponding vortex regimes are clearly pointed out. All results can be interpreted by concluding that in the intermediate temperature range, the strong pinning observed in high quality YBCO films is due to the Josephson Junctions average patterns. These patterns are the counterpart related to the transport mechanisms of "hidden" structural nano-domains.
Introduction
The particular behavior of the critical current density as a function of field and temperature in high temperature superconducting thin films with respect to single crystals has been widely investigated in past and recent papers. The central questions concerns the reason why good quality films exhibit critical current density higher than single crystals, why the J c vs. logB curves show plateau-like features (a typical example is shown in Fig. 1 ), what kind of pinning mechanisms can explain the variation of the curves with temperature [1] [2] [3] [4] . The morphology of the film is generally assumed to be responsible for the observed trends and in particular for the strong pinning. Nanosize dislocations with columnar character were found and described in detail [5, 6] .
From another point of view, a nanosize JJ array is considered as the basic structure accounting for the experimental data [7] [8] [9] [10] [11] . In the framework of this second scenario, a quantitative account of the experimental trends in the intermediate range of temperature was found. In particular, the model is based on an average 1D row of a e-mail: mezzetti@polito.it "hidden" Josephson Junction (JJ) which can be visualized as a faceted wall between contiguous domains [12, 13] . The JJ exhibit statistical distributed nano-length. In order to take into account the inter-vortex magnetic interaction, a suitable "magnetic thickness" of the junctions has been considered [14] . The fitting of the data by means of our model, enables to evaluate the order of magnitude of the average JJ length as well as the statistical lengthdistribution shape [15] .
In this paper we first of all focus on X-ray measurements. The key point of the study consists in showing that the film plane is laced by a mosaic of nanosize structural domains (see the sketch in the inset of Fig. 1 ). Similarly, the structural domains reflect the presence of c-axis deep dislocations, which accommodate lattice mismatches across the domain boundaries. Very significantly, the average length scale and length distribution of the domain walls almost replay (under reasonable assumptions) the lengths and length distributions of the JJs. The transport current is thus driven across the mentioned patterns.
The correspondence between the structural network and the JJ network enables to determine the value of a parameter ζ accounting for the particular domain structure between vortices in a given film [15] . This parameter results to be a key one because it allows to find out in a straightforward way the scaling field B 0 making the J c /J c (0) vs. B/B 0 curves independent of temperature. Therefore the model enables to account for the quite particular dependence of the J c vs. B curves on temperature in YBCO films.
Finally the model is checked by considering the pinning force asymptotic behaviors to verify that the asymptotic curves are coincident with the experimental ones in the extreme limits. In the intermediate range of temperature, two main vortex regimes corresponding to those asymptotic behaviors emerge. The results can be interpreted by saying that the JJs can shrink vortices inside and optimally pin them up to a maximum field [16] . Above this field no more vortices can be pinned.
These findings imply that the magnetic transport properties of high T c films in the intermediate temperature range (it means in the range where the nanostructure length-scale is comparable with the fluxon dimensions) are governed by nano-faceted domains walls [17] . The facet average-length and distribution is measurable. The strong pinning in the films is provided by "useful" JJs, which represent the transport counterpart of the structural patterns.
Experimental
The YBa 2 Cu 3 O 7−δ films were fabricated by dc sputtering from inverted cylindrical magnetron on SrTiO 3 (STO) substrates. The growth procedure has been described elsewhere [10] . The film nucleate on the SrTiO 3 substrate in the form of c-axis oriented texture [18] . X-ray ϕ-map measurements [18] indicate that the film orientation, with c-axis oriented along the normal of film surface and the a-axis oriented in plane along the cubic cell side, is not dependent on whatever substructure we could observe. In order to have more insight about the structures up to a nanometric scale, the samples were characterized by a further XRD analysis by using a Philips-1880 diffractometer equipped with a Cu target as X-ray source, a 1/30
• collimation slit and a 0.1 mm receiving slit. Figure 2 shows the X-ray diffraction profile measured, in a coupled θ − 2θ movement, on the YBCO film, grown on top of the (001)-oriented STO substrate. The spectrum shows several peaks belonging to the (00l) family planes of the YBCO and STO crystal lattices. This spectrum provides a further confirmation that the YBCO film shows a good c-axis orientation. Critical current density values have been extracted from susceptibility measurements by means of the procedure described in reference [10] .
Models

XRD analysis
A statistical model was used to analyze the X-ray data through a line shape fitting procedure based on a Monte Carlo approach. This model describes the broadening of the diffraction peaks as the consequence of the frequency distribution of the grain size [19] . The inset of Figure 3a shows the fitting results obtained from the analysis of the YBCO (007) peak indicated by the arrow in Figure 2 . This analysis was performed on a single peak. In principle we could have chosen any of the measured order reflections. The reflections at very low angles are the best for the determination of the grain size distribution because the lower is the scattering angle the less important are the contributions to the peak lineshape due to microstrain or structural defects. Nevertheless, working on peaks collected at very low glancing angles has the drawback that background effects are detrimental to peak analysis. In conclusions, in order to obtain the best accuracy in the lineshape fit, we definitively worked on the (007) peak. It results that nano domains are present. In Figure 1 (inset) a mosaic-like representation of a multi-domain pattern is given, just to provide a visual support to the text. The average domain-size value, as derived from the previously mentioned statistical analysis, is 19 ± 3 nm, and the complete frequency distribution of the domain lengthscale p(D) is represented in Figure 3a .
The analysis allows putting in evidence a "hidden" [10] granularity across the films. It means that this particular granularity does not necessarily imply "weak links", in the usual meaning of the term, on the contrary it accounts for "strong links", like those observed in bicrystals when the misalignment angle is very small [12, 20] .
Transport current
The critical current of the array of parallel uniform short JJs of different lengths L, accounting for the particular shape of J c vs. B curves, can be written as
where p(L) is the statistical length distribution of the junctions and Λ 0 is a very crucial field-dependent "magnetic thickness" [14] , that in the present case is assumed to be proportional to the mean vortex distance a 0 :
ζ is a number of order of unity, which in a bicrystal generally depends on bulk pinning and on the geometry of the grain boundary [12] . In the context of the paper ζ will assume a more definite role. It is worthwhile emphasizing that by putting Λ 0 = ζa 0 instead of
we account for the experimental evidence that it is impossible to fit the experimental curves by a superposition of usual Fraunhofer patterns with whatever statistical distribution of lengths. We choose the very general distribution
where the mean value L and the variance of the distribution σ 2 L are related to µ and ν by
Thus (1) assumes the form
where q = πζ L /(ν Φ 1/2 0 ). The theoretical curves fit quite nicely the experimental data, accounting for the plateau like feature characteristic of YBCO films in the intermediate range of temperature (a typical example is shown in Fig. 1) . Moreover, the fit allows determining L ζ and L /σ L It must be stressed out that this fit does not provide the independent determination of L , ζ and σ L . However, in order to have a reliable picture of the order of magnitude of the involved length scales, as well as to have some insight about the expected length distribution, we plot in Figure 3b the length distribution corresponding to five tentative values of ζ. These values are chosen in a range near those expected in previous literature [12] .
Results
Evaluation of the ζ parameter
In order to determine all physical parameters previously mentioned and in particular the values of ζ, a comparison between the carrier transport properties and the structural properties of the host materials on a nanosize gauge scale is needed.
The ζ parameter results to be a key one in the paper as outlined below. The frequency distribution of the domain size as calculated by the X-ray analysis ("structural curve") can be very well fitted by means of the statistical distribution (2) previously used. Beside the analytical check, this fact could be easily inferred just by means of a comparative look to both Figures 3a and Figure 3b . Very significantly, the average length scale of the domains as well as the length distribution are coincident (within the experimental errors and the statistical uncertainty), with the lengths and distributions found by means of the JJ network model under realistic assumptions for the ζ parameter. We conclude that the 1D network of JJ and the faceted multi-domain wall are two aspects of the same physical reality concerning the film nano-granularity. In fact, the structural domains reflect the presence of dislocations, which depress the order parameter. The transport current is thus driven across the mentioned patterns (Fig. 1  inset) . On the basis of this correspondence, we made the hypothesis that the size distribution p(D) is an ensemble representative of the junction length distribution and can be assumed as coincident with p(L). We then calculated a new p(L) by fitting the distribution of Figure 3a , with the same analytical expression of equation (3). This p(L) can be inserted in equation (1) to obtain a new fit of the J c vs. B experimental curves. In this second analysis the only free parameter left (beside J c (0)) is ζ.
The results are shown in Figure 4 , where the final fitting are reported. The values of ζ so obtained are reported with the experimental errors in the inset. It must be emphasized that the ζ values are drawn from the experimental data with the only assumption of the coincidence between the two mentioned distributions. The obtained values have the order of magnitude expected in literature. ζ exhibits smooth temperature dependence. Such temperature dependence can be expected, if we take into account the basic role of ζ . In fact, trough the relation Λ 0 = ζa 0 , ζ accounts for the magnetic interactions of the pinned vor- tices in the real film plane. The vortices can be collectively accommodated on the basis of the nano-domain boundary geometry as well as of the length-scale of their own core. This length scale is varying with temperature in such a way that, for example, large vortices near the irreversibility line, are not sensitive to the nano domain structure of the film [10, 21] . Figure 5 shows the normalized current density J c (B)/J c (0) as a function of the dimensionless field h = B/B 0 , with
Scaling law
, at different temperatures. B 0 represents the first field where J c (B)/J c (0) of a conventional JJ with virtual length ζ L exhibit a minimum (one vortex entering the junction). It also determines the position of "matching fields" in a 1D array of JJ with length ζ L [13, 22] .
The scaling aspect is quite general. In fact, the scaling behavior is also exhibited by different samples (Fig. 6 ). All these trends provide a further confirmation that just a JJ array is responsible for the particular feature of the J c vs. B curves in films. Such network can confine vortices, thus modulating their arrangements inside the grain boundaries.
The plateau-like feature of the J c vs. log(B) curves extends up to a field B * , which can be defined in an empirical way, for example as the field where J c (B)/J c (0) = 0.9 ( Fig. 5) [10] . It turns out that at all temperatures and for all samples it is B * /B 0 = 0.05 ± 0.01. This value provides an estimate of the maximum fraction of vortices trapped per unit junction of length ζ L , i.e. it represents the condition of optimal filling of the network for our films. 
Pinning force
To assess the vortex pinning by the domain boundary network, we study the dependence of the pinning force on field, related to the domain distribution of Figure 1 . Since the pinning force is defined as F p = J c B, its asymptotic behavior can be calculated from equation (3) In interpreting our data in a less quantitative, however appealing picture, we can consider the volume pinning force as proportional to the linear density of the pinned vortices, times the pinning force per unit length [23] . In the low-field range the pinning force per unit length increases as the linear vortex density increases, because in this regime all vortices entering in the unit length are supposed to find new assets and new matching conditions to the intrinsic defects lattice (first main vortex regime). This phenomenon occurs in less and less favorable conditions until a saturation regime (slope 1/2) sets up, where the pinning force per unit length becomes constant. This fact can be interpreted by claiming that no more vortices can be accommodated inside the unit length of the host defect lattice [23] (second main vortex-regime). Obviously such "continuous" model is unable to account for the discontinuous entrance of the vortices into the defect lattice itself [24] . The two asymptotic behaviors are related to a pinning mechanism in the framework of a usual language and consolidated scientific context [23] . However, using the approach focused on the role of the domain boundaries behaving as JJ, the data can be quantitatively accounted for. We argue that the two approaches are equivalent.
Conclusions
We have found a striking correlation between nano-sized structural patterns in the film plane and macroscopic transport current. A nano-sized JJ network of parallel junctions, contributing to the macroscopic properties is coincident with the faceted boundary between nanosize domain (structural network).
In the investigated range of temperatures the comparison enables to experimentally assess the scaling field B 0 making the curves independent of temperature. This field depends on a parameter ζ accounting for the accommodation of the vortices across the film. Once this parameter is evaluated for a given sample by means of coupled X-ray and J c vs. B measurements, the curves J c /J c (0) vs. B/B 0 collapse one over another. This scaling imply a quantitative account of the dependence of the curves on temperature.
The pinning force exhibits two asymptotic behaviors easily referred to the JJ network itself. Two corresponding asymptotic vortex phases are clearly pointed out. The network accounts for the strong domain pinning across the film.
All our results can be interpreted and summarized by saying that, in the intermediate range of temperature (it means as long as the fluxons gauge-scale is comparable to the length scale of measurable faceted domain walls) the pinning is provided by "hidden" rows of "strong" JJs.
